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Abstract — A miniaturized double stop-band FSS for
WLAN was proposed based on the structure of a ring
patch with internal branches and a cross zigzag loaded
line. This construction is obtained by using the multi-
layer connection method to paint the two layers of the
patch that we designed on the top and bottom of the
dielectric substrate to simulate the designed construc-
tion by using HFSS simulation. Analyzing the frequency
response characteristics of the FSS indicates that the con-
struction can generate two transmission band gaps at
1.92-2.17 GHz and 4.94-5.99 GHz in the WLAN wave.
This construction has stronger polarization stability
and angle stability when the incident electromagnetic
wave is 0-60°. It also has a simple construction,
small size, and significant engineering application
value.

Index Terms — Double stop-band, frequency selective
surface (FSS), miniaturization, wireless local area net-
work (WLAN).

L. INTRODUCTION

The typical frequency selective surface (FSS) is
either a single layer or multilayer formed by coating a
certain shape of metal patch (bandstop) or metal aperture
(bandpass) on a dielectric substrate in a two-dimensional
periodic array structure [1H5]], which is essentially a spa-
tial filter that has frequency selection characteristics for
electromagnetic waves with different operating frequen-
cies, polarization states, and incident angles, and does
not absorb radio frequency energy [6]. The frequency
response of FSS is mainly affected by the shape, size,
and arrangement of the unit structure, the dielectric con-
stant, and the thickness of the dielectric substrate. Its fil-
tering characteristics can be controlled by adjusting its
structural parameters. According to its filtering perfor-
mance, FSS is mainly divided into four types: low pass,
high pass, bandpass, and bandstop. It has been widely
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used in communications [7, |8]], electromagnetic shield-
ing [9H11]], and radar stealth fields [[12H14]]

A series of studies on frequency selective sur-
faces originated from Francis Hopkinson [15] in 1785,
who observed the diffraction spot phenomenon. Sub-
sequently, American scientists Hopkinson and Ritten-
house [[16] found through experiments that white light
is decomposed into monochrome light when passed
through thin ribbons. Since then, a series of studies on
frequency selective surfaces have been developed. In the
19th century, Fraunhofer and Hertz further explained the
phenomenon through experiments. In the 1970s, Munk
[L7] and Luebbrs completed basic theoretical research
on typical FSSs. In recent years, with the improvement
of channel capacity and communication quality, single
frequency FSSs can no longer meet the requirements
of high communication capacity, and the multifrequency
design of FSSs has become a popular topic of research.
At present, the design of a multiband FSS can be realized
by multilayer cascade [[18,[19]], the multiple resonant ele-
ment method [20], composite technology [21} 22], frac-
tal structure [23, 24], and other methods. Much work
has been performed on the design of multiband FSSs.
In 2015, Majidzadeh [25] and others devised a com-
bined FSS, based on the angle of the fractal and com-
bined units, which can realize multiband filtering. In
2016, Gao [26] and others, based on the multi-resonance
unit method, proposed a double-pass band FSS with a
square grid and hybrid resonant structure. In the same
year, Palange [27]] and others designed a triple band-
stop FSS with a fractal structure. In 2017, Zhou Yulong
and others designed a windmill-type double stop-band
FSS through electric dipole resonance and windmill FSS
high-order mode resonance, which can realize -35 dB
electromagnetic shielding in the band. In 2018, based
on the multilayer cascade method, Malone and others
applied a quadrilateral ring dual bandpass FSS for the
X-band and K-band. In 2019, based on the square ring
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structure, Zhou Ruicheng and others designed a three-
way band FSS by using the multilayer cascade method,
with a pass-band reflection coefficient of -30 dB.

There are few reports on the miniaturized band-stop
FSS design of the wireless local area network (WLAN)
frequency band. Based on previous studies, this paper
proposes a new miniaturized dual stop-band frequency
selective surface for WLAN. The structure is formed by
coating different shapes of metal patches on the upper
and lower sides of the dielectric substrate. This proposed
structure achieves a strong shielding effect on electro-
magnetic waves in the WLAN frequency band and has
strong polarization, angular stability, a simple structure,
and easy processing.

II. STRUCTURE DESIGN

The resonant frequency of any FSS mainly depends
on the size of the unit. For a specific structure, when
the size and wavelength have a definite relationship, total
reflection or total transmission of electromagnetic waves
will occur on the FSS structure. Based on this, a dual-band
blocking FSS applied to WLAN is proposed. As shown
in Fig.[T] (a), this structure is divided into two layers: the
ring patch [28]] and the zigzag line structure based on the
shape of a cross. These shapes are coated separately and
are on the upper and lower sides of a square dielectric sub-
strate with a side length P and thickness h respectively.
The upper and lower structures of the designed FSS are
shown in Figs.[I] (b) and (c). The double-band miniatur-
ization design of the FSS is realized by loading branches
inside the upper ring and twisting the lower cross-shaped
structure. The dielectric substrate is tp-2, the dielectric
constant is 6.55, and the loss tangent is 0.001. Table [1]
shows the structural parameters of the FSS unit.
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Fig. 1. Evolution of our FSS design: (a) ring patch struc-
ture loaded with internal branches, (b) zigzag line struc-
ture based on cross, and (c) evolved final shape of our
FSS.

Table 1: FSS unit structure parameters

Parameter P R L [ T

Value(mm) 73 | 3.06 | 1.82 | 0.5 2.7
Parameter S w M b H
Value (mm) 2.2 44 | 539 | 05 1.5
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III. SIMULATION ANALYSIS AND
OPTIMIZATION
A. FSS design process analysis

The electromagnetic simulation software HFSS is
used for simulation calculation. Periodic boundary con-
ditions are set along the x-axis and y-axis, and the Flo-
quet excitation port is set on the z-axis to make the plane
electromagnetic wave incident perpendicular to the FSS
surface along the z-axis.

Figure 2] shows the frequency response characteris-
tic curve of the single layer ring loaded branch structure.
Figures |2| (a) and (b) show the influence that the curves
of the ring outer radius R and the branch length L have
on the FSS frequency response S, respectively. When
the value of R is increased from 3 mm to 3.2 mm, and
L is increased from 1.5 mm to 1.9 mm, the resonance
points of the single-layer ring-loaded branch structure
FSS all move in the low-frequency direction, and the
stop-band bandwidth becomes slightly wider. When R is
3 mm and L is 1.5 mm, the stop-band range of the FSS is
3.37-6.99 GHz, and the in-band resonance point is 5.51
GHz, which can shield the electromagnetic wave in the
5 GHz (5.030-5.835 GHz) frequency band of the WLAN
by -68 dB.
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Fig. 2. Frequency response characteristic curve 3 of the
ring-loaded branch structure: (a) the influence of the ring
outer radius R on the FSS frequency response and (b)
the influence of the stub length L on the FSS frequency
response.
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Figure [3|shows the influence curve of the outermost
line of the single-layer cross meander line structure (m)
on the frequency response of the FSS. In the process
of increasing m from 3.8 mm to 5.4 mm, the resonance
point of the cross meander line structure FSS moves in
the low-frequency direction from 2.81 GHz to 2.38 GHz,
and the stop-band bandwidth is basically unchanged.
When m is 4.8 mm, the FSS stop-band range of the struc-
ture is 1.94-2.87 GHz, and the resonance point is 2.46
GHz, which can shield the electromagnetic wave in the
2.4 GHz (2.4-2.4835 GHz) frequency band of the WLAN
with -62 dB.
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Fig. 3. The influence of the outer line length m of the
cross zigzag line structure on the frequency response of
FSS.

The research shows that the multiband design of
FSSs can be realized through the multilayer cascade
method. Based on this, this research cascades the ring-
loaded branch structure and the cross zigzag structure in
Section A and uses the parameter optimization function
of HFSS to complete it. The frequency response charac-
teristic curve of the new double-layer FSS after the wave
simulation optimization design is shown in Fig. [ and
the optimized structural parameters are shown in Table[T]
These show that the new FSS exhibits dual stop-band
characteristics. Two transmission bands are formed at
1.92-2.71 GHz and 4.94-5.99 GHz. The resonance fre-
quencies are f1=2.45 GHz and f,=5.80 GHz. The work-
ing frequency ranges of WLAN are 2.4-2.4835 GHz and
5.030-5.835 GHz. The designed FSS stop-band rejection
is -60 dB and -45 dB, respectively. This structure has an
excellent ability to suppress electromagnetic waves in the
WLAN frequency band. The size of the designed FSS
unit is 7.3 mmx7.3 mm. It is known that the resonance
frequency in the 2.4 GHz frequency range is f=2.45
GHz, co=3x 108 m/s, and the wavelength of the first reso-
nance frequency in vacuum is A¢ =122.45 mm. Through
analysis, it can be seen that the size of the designed FSS
unit is 0.05964 1 x0.05964 1, which meets the miniatur-
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Fig. 4. Frequency response characteristic curve of the
dual-frequency FSS.
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ization design requirements and can be used in actual
projects.

B. Analysis of the surface current distribution

When the electromagnetic wave is incident on the
FSS, the surface of the FSS will excite the surface cur-
rent, and the scattered field that is generated will affect
the transmittance of the electromagnetic wave. The filter-
ing mechanism of the designed structure in the WLAN
frequency range can be investigated by analyzing the
surface current distribution of the FSS at the transmis-
sion zero point. By using the J-Surf function in HFSS
to view the surface current distribution of the designed
FSS, Figs. 5 (a) and (b) show the surface current distri-
bution of the designed FSS when electromagnetic waves
are perpendicular to 2.45 GHz and 5.9 GHz, respectively.
Figure[](a) shows that the current when electromagnetic
waves are incident at 2.45 GHz is mainly distributed
in the lower structure of the FSS, which indicates that
f1 is mainly generated by the lower cross zigzag line
structure. Figure |§] (b) shows that the current is mainly
distributed in the upper structure when electromagnetic
waves are incident at 5.6 GHz perpendicularly. It shows
that f, is mainly produced by the upper ring-loaded
branch structure. Obviously, the FSS filter characteristics
can be controlled by adjusting the structural parameters
of the upper and lower units.
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Fig. 5. FSS surface current distribution: (a) on the upper
surface of the FSS when the frequency is 2.4 GHz, (b)
on the lower surface of the FSS when the frequency is
2.4 GHz, (c) on the upper surface of the FSS when the
frequency is 5.6 GHz, and (d) on the lower surface of the
FSS when the frequency is 5.6 GHz.



C. Analysis of the relationship between the structure
size and frequency response characteristics

Figures|§|—|3_§|show the influence curves of m, L, and R
on the frequency response characteristics of the designed
FSS. With increasing m, the transmission zero frequency
of the 2.45 GHz band of the dual-frequency FSS shifts
to the left, and the bandwidth is basically unchanged.
The transmission zero frequency of the 5 GHz band is
maintained at 5.8 GHz. With increasing L and R, the 5
GHz transmission zero frequency of the dual-band FSS
shifts to the left, and the stop-band bandwidth increases
slightly. The transmission zero point of the 2.4 GHz
frequency band is basically unchanged. The frequency
response in the 2.4 GHz frequency band is only affected
by m, while L and R mainly regulate the frequency
response in the 5 GHz frequency band.

In engineering applications, most of the time, elec-
tromagnetic waves are incident to an FSS at a certain
angle, and the polarization modes of incident waves are
diverse. To study the influence of the incident angle
and polarization mode of the incident wave on the FSS
designed in this paper, the FSS is irradiated with 0°, 15°,
30°, 45°, and 60° plane electromagnetic waves. The rela-
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Fig. 6. The influence of m on the frequency response of
the dual-band FSS.
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Fig. 7. The influence of L on the frequency response of
the dual-band FSS.
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Fig. 8. The influence of R on the frequency response of
the dual-band FSS.

tionship between its frequency response curve and inci-
dent angle is obtained through an HFSS simulation cal-
culation. Figure El (a) shows the S, curve of the FSS
under transverse electric (TE) polarizations, transverse
magnetic (TM) polarizations, and full wave simulation.
Figures |§| (b), (¢), and (d) show the S;; curve of the full
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Fig. 9. Frequency response characteristic curve of the
FSS when different polarized waves are incident at dif-
ferent angles: (a) polarization characteristics of the dual-
band FSS, (b) Sy; curve of FSS when the electromag-
netic wave is incident at different angles in full wave
mode, (c) Sp; curve of FSS when the electromagnetic
wave is incident at different angles in transverse electric
(TE) polarizations wave mode, and (d) S,; curve of the
FSS when the electromagnetic wave is incident at differ-
ent angles in the transverse magnetic (TM) polarizations
wave mode.

frequency(GHz)
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wave mode, transverse electric (TE) polarizations wave
mode, and transverse magnetic (TM) polarizations wave
mode when the electromagnetic wave is incident on the
FSS at 0-60°. We find that the polarization mode of the
incident wave does not affect the frequency response
of the FSS in the 5 GHz frequency band. The trans-
mission zero point within the 2.4 GHz frequency band
is offset to the low frequency by 0.06 GHz when the
transverse electric (TE) polarizations wave is incident.
When the transverse magnetic (TM) polarizations wave
is incident, it is offset to high frequency by 0.04 GHz,
and the offset is small. Under different incident wave
modes, when the incident angle of the designed FSS
increases from 0-60°, the bandwidth of the two transmis-
sion stop-bands in the WLAN frequency band increases,
the transmission zero point is basically maintained at
approximately 2.45 GHz and 5.8 GHz, and the offset
is very small. It shows that when different polarization
waves are incident on the FSS at different angles, the
FSS can show a better double stop-band function, and
the structure has strong polarization stability and angle
stability.

IV. EXPERIMENTAL VERIFICATION

To better verify the performance of the proposed
FSS, a 190x190 mm FSS model was machined on tp-
2 substrate with a thickness of 1.5 mm using printed
circuit board technology, which is composed of 26x26
small unit structures, as shown in Fig. The mate-
rial of the medium substrate is tp-2 and its rela-
tive dielectric constant is 6.55 with the loss tangent
of 0.001.

The frequency responses of the proposed FSS are
measured by the free-space method [29], and its mea-
surement environment is given in Fig. [T} There are
two horn antennas (operating from 2 to 8 GHz), the
FSS prototype, and turntable (can be used to adjust
the angle of the incident wave). The FSS prototype is
placed on the turntable for measurement of incident sta-
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Fig. 10. Photographs of the fabricated prototypes: (a)
upper surface and (b) lower surface.
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Fig. 11. Measurement setup.

bility. A pair of horn antennas are located about 0.35 m
apart from each side of the centered rotatable screen, so
that a uniform plane wave striking upon the FSS. The
two horn antennas are connected by the vector network
analyzer.

The measured results under different polarizations
are demonstrated in Fig. [I2] compared with the sim-
ulated ones. The measurement results under different
incident angles are shown in Fig. [3] It is clear that
the transmission coefficients keep very stable for trans-
verse electric (TE) and transverse magnetic (TM) polar-
izations. It is clear from the Fig. [I3] that the proposed
double layer FSS provides closely spaced dual stop-
band response with highly stable angular independency.
The frequency response characteristic curve of the FSS
tested very closely resembles the simulation results.
The operating frequency bands are 2-2.8 GHz and
4.9-6 GHz.

= Simulation (full wave) 9
[—— Measurement (full wave))
j=——Measurement (TE wave)
Measurement (TM wave) L

3 4 S 6
frequency(GHz)

Fig. 12. Frequency response characteristic curve com-
parison between full-wave simulation and the transverse
electric (TE) and transverse magnetic (TM) polarizations
measurement data.
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Fig. 13. Measurement results at different incident angles
conditions.

V. CONCLUSION
Based on the traditional cross and ring structures,
this paper proposes a miniaturized dual stop-band FSS
applied to WLAN using the multilayer cascade method.
In this structure, the designed two layers of patches
are coated on the upper and lower layers of the dielec-
tric substrate, and independent control of the transmis-
sion zero point can be realized by adjusting the geo-
metric parameters of the upper and lower patch units.
This structure produces two transmission band gaps in
the WLAN frequency band, and the structure has better
polarization stability and angle stability in the working
frequency band. Both the simulation results and the mea-
sured results show that the FSS has good performance

and can be applied to practical projects.
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